A sensitive hydrogen peroxidase (H2O2) amperometric sensor based on horseradish peroxidase (HRP)-labeled nano-Au colloids has been proposed. Nano-Au colloids were immobilized by the thiol group of cysteamine, which was associated with the carboxyl groups of poly(2,6-pyridinedicarboxylic acid) (PPDA). With the aid of the hydroquinone, the sensor displayed excellent electrocatalytical response to the reduction of H2O2. Compared with the non-Au-colloid modified electrode, i.e., PPDA/HRP, the Au-colloid modified electrode exhibited better performance characteristics, including stability, reproducibility, sensitivity and accuracy. The biosensor shows a linear response to H2O2 in the range of 3.0 × 10 -7 -2 × 10 -3 M. The detection limit was 1.0 × 10 -7 M.
Introduction
Hydrogen peroxide is the by-product of diverse substances under the catalysis of their highly selective oxidases. Its content indirectly reflects the content of a certain analyte. 1 Accordingly, the determination of hydrogen peroxide (H2O2) is very important. In the field of industrial, biological, food, pharmaceutical, clinical and environmental analyses, numerous techniques have been developed, such as spectrometry, 2, 3 chemiluminescence, 4 electrochemistry 5 and so on. Among them, the electrochemistry is more sensitive and simpler. Despite the various methods proposed, the key point for producing a useful biosensor rests on the development of a sensitive and reliable transducer which switches the enzymatic reaction products into the detectable signal.
Many biosensors built up of enzyme or enzyme-mediator have been reported. [5] [6] [7] The advantages are short determination time and low detection limit.
However, the application and development have been limited due to the lack of simple and stable enzyme immobilization method and the denaturation of immobilized enzymes. The fabrication of biosensor devices based on gold (Au) nanoparticle superstructures is of recent interest.
Crumbliss and co-workers suggested that electrostatically-bound colloidal Au:protein conjugates could typically retain their biological activity. 8, 9 Furthermore, direct electron transfer can occur between an electrode and enzyme by nano-Au. 10 Therefore, the nano-Au can provide basic interface and the analogically native environment for the redox enzyme in the construction of biosensors. Xiao et al. 11 successfully immobilized HRP-labeled Au colloid on gold electrode surface by cysteamine to construct H2O2 biosensors and presented different K M app values of the sensors based on different-sized nano-Au colloids. A novel layered third-generation biosensor composite with colloidal Au and HRP on ITO electrode was also reported. 12 The association of the HRP to the colloid surface is probably not only due to the interaction between cysteine or NH3 + -lysine residues of HRP and the Au colloid surface, 11 but also due to the electrostatic action between the positive amino groups of HRP and the negative colloidal Au. 13 Many techniques, such as SERS, AFM, EIS 14 and cyclic voltammetry 15 have been used to characterize Au-colloid modified electrodes. In this work, a H2O2 biosensor based on the horseradish peroxidase-labeled nano-Au colloids was constructed. Gold (Au) nanoparticles were immobilized on poly(2,6-pyridinedicarboxylic acid) (PPDA) by the thiol-tailed groups of cysteamine. Here, hydroquinone was used as the electron transfer mediator. The nano-Au modified biosensor exhibited a higher amperometric response to the reduction of H2O2 than the biosensor modified by the HRP directly immobilized on the poly(2,6-pyridinedicarboxylic acid) by covalent bonds. Compared with the latter, the former had some advantages regarding affinity to H2O2, sensitivity, detection limit, response time, recovery and stability.
Experimental
Reagents and apparatus 2,6-Pyridinedicarboxylic acid was purchased from Aldrich. Horseradish peroxidase (HRP; 1000 U mg -1 ), EDC, and NHS were obtained from Sigma. Other chemicals were of analyticalreagent grade. The supporting electrolyte was 0.1 M phosphate buffer solutions containing 0.1 M KCl (PBS), which was prepared with NaH2PO4 and Na2HPO4. Double-distilled water was used throughout.
Amperometric and cyclic voltammetric experiments were performed on a Neopolarograph of Jiangsu Electrochemical Instruments (XJP-821 (C), Jiangsu, China). Signals were recorded on a ZF10 data recorder (Shanghai Instruments). A three-electrode system consisted of HRP-labeled nano-Au modified biosensor as working electrode, a saturated calomel electrode (SCE) as reference electrode and a platinum wire auxiliary electrode. All potentials were respect with SCE. The assay cell was stirred with a magnetic stirrer. The solution was purged with nitrogen all the time. Current-time data were recorded after a steady-state current had been achieved.
Preparation of colloidal gold sols
All the pieces of glassware in the following experiment were cleaned in freshly prepared K2Cr2O7-H2SO4 solution, rinsed with double-distilled water, and dried in air. Colloidal Au was prepared according to the literature 16 by adding 3.5 ml of 1% (w/w) sodium citrate solution into 50 ml of 0.01% (w/w) HAuCl4 boiling solution. The maximum of adsorption of the colloidal Au solution in UV-Vis spectra was at about 520 nm. The prepared solution was stored in the refrigerator before use.
The electropolymerization of PPDA on the gold electrode
The gold electrodes were used as the substrate electrode. Before electrochemical polymerization, the gold electrode was pretreated with Piraha solution (strong H2SO4:30% H2O2 = 3:1, v/v). Then cyclic potential scanning was performed from -1.0 V to +1.0 V in 0.1 M H2SO4 solution until a steady-state voltammogram was obtained. Finally, the electrode was sonicated with ethanol and water for 5 min, respectively. A freshly-prepared solution (10 ml) containing 0.2 M KCl and 2 mM 2,6-pyridinedicarboxylic acid was degassed oxygen with free nitrogen. Polymer film was grown on the gold electrode for 1 h by cycling scan between +0.1 V and +1.9 V at a scan rate of 60 mV/s. Thus, the PPDA-modified electrode (PME) was constructed. It was stored at 4˚C when not in use.
Construction of PPDA/HRP electrode (PHME)
Two microliters of 100 mg/ml EDC and 2 µl of 100 mg/ml NHS were added to the surface of PME for 30 min. After the electrode was thoroughly rinsed with water, it was immersed in 2 mg/ml HRP PBS (pH 7.8) for 24 h. Finally, the PHME was rinsed with pH 7.0 PBS and kept in the same PBS at 4˚C.
Construction of PPDA/Au/HRP electrode (PAHME)
Two microliters of 100 mg/ml EDC and 2 µl of 100 mg/ml NHS were added on the surface of PME for 30 min. After the electrode was thoroughly rinsed with water, it was immersed in 20 mg/ml cysteamine aqueous solution for 12 h at room temperature in darkness. After being rinsed, it was dipped in Au colloid solution for 12 h and then incubated in 2 mg/ml HRP PBS (pH 7.8) for 24 h. The PAHME was thus obtained. Finally, the PAHME was rinsed with pH 7.0 PBS and kept in the same PBS at 4˚C. The process is shown in Scheme 1.
Results and Discussion

The mechanism of electropolymerization
The cyclic voltammogram for the electropolymization of poly-(2,6-pyridinedicarboxylic acid) is exhibited in Fig. 1 . The shape of the CVs varied with the change of experimental conditions, especially the pH values (the insert). The peak potential shifted positively with the decrease of pH values. On the contrary, when pH values increased, the peak potential shifted negatively. The shift may be due to the production of H + in the electropolymerization reaction. During the polymerization process, a well-defined broad peak appears at +1.2 V. This was attributed to the formation of a radical cation by the oxidation. With the potential cycling, the radical cation peak augments and the peak potential shifted positively, indicating that more radicals were formed and the film was growing. No parallelintensity cathodic peak could be observed on the reverse scan. The reason maybe was, during the electropolymerization process, the radical dimerization occurred via the carbon-carbon coupling route and the multimerization followed. Furthermore, a weak reduction peak appeared at +0.62 V. It was produced by the reduction of the polymer.
The poly(2,6-pyridinedicarboxylic acid) film was electroactive because each 2,6-pyridinedicarboxylic acid unit retained its electroactive heterocyclic nitrogen atom. This was supported by Fig. 2a , in which a pair of quasi-reversible redox peaks could be seen. The mechanism of electropolymization can be found in the earlier literature. 17 
Comparison of the electrochemical behavior of modified electrodes
The voltammograms of the PME with or without H2O2 are shown in Fig. 2. In Fig. 2a , a pair of quasi-reversible anodic and cathodic waves appear at +0.02 V and -0.25 V, respectively. Upon the addition of 5 mM H2O2 (Fig. 2b) , the peak potential shifted negatively to -0.1 V and -0.3 V, respectively. The increase of the cathodic peak current and the
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Enzymes immobilized on different matrices by covalent bonds have been widely explored. 19, 20 During the electropolymerization process, two carboxyl groups remained in the PPDA unit could associate with the amino residues of HRP by the activation of EDC and NHS. The voltammograms of PHME under different conditions are exhibited in Fig. 3 . Compared with Fig. 2a , under the same experimental conditions, the peak potentials in Fig. 3a shifted negatively to -0.1 V and -0.3 V, respectively. Such a phenomenon could be attributed to the effect of the HRP immobilized by covalent bonds on the structure of the polymer. After H2O2 was added, an obviously catalytic characteristic appeared with a dramatic increase of the reduction current (Fig. 3b) . Figure 3c shows the voltammogram of PHME in 0.6 mM hydroquinone solution. Compared with Fig. 3a , the reduction current appeared at -0.3 V increased greatly. This was ascribed to the electron transfer between the electrode and hydroquinone. At the same time, a pair of new quasi-reversible redox waves produced by the hydroquinone emerged. After the H2O2 was added, the cathodic peak current increased further (Fig. 3d) .
Nano-Au has been used as electron transfer mediator and enzyme sorbent. 11, 21 HRP immobilized on nano-Au colloids exhibited a high affinity to H2O2. 11 Recently, nano-Au was mostly immobilized by the thiol-tailed group or amineterminated group. 22, 23 Figure 4 displays the cyclic voltammograms of PAHME in supporting electrolyte solution under different experimental conditions. Compared with Fig.  4a , the oxidation peak at +0.1 V in Fig. 4b decreased in the presence of hydroquinone. This was probably caused by the electron shuttle between hydroquinone and the PAHME electrode. At the same time, a pair of quasi-reversible redox peaks emerged. After the addition of H2O2, the anodic peak current decreased and the cathodic peak current increased significantly (Fig. 4c) . These results indicated the hydroquinone could effectively induce electron transfer from the gold electrode surface to the active center of HRP by the nano-Au and polymer acted as "molecular bridge".
Optimization of experiment variables
In this work, hydroquinone was used as a mediator for H2O2 detection. 24 The concentration of hydroquinone was found to influence the current response of PAHME. The response current increased sharply with the successive addition of hydroquinone and then leveled off at 1.0 mM. At a lower concentration, the current response would be limited by enzyme-mediator kinetics.
In contrast, at a higher concentration, the current response would be limited by enzyme-substrate kinetics. 25 However, a higher concentration of hydroquinone would cause a higher background current. So the concentration of 0.6 mM was used in this study.
The time for the electropolymerization was another important factor. The shorter polymerization time would bring out a thinner polymer film, which would affect the cysteamine amount bound to the polymer and cause a lower current response. On the contrary, the longer electropolymerization time would produce a higher current response and higher background current. So 1 h was chosen here.
The influence of applied potential on the biosensor response was examined in detail (Fig. 5) . The response of PAHME to H2O2 varied with the change of applied potential from -0.3 V to +0.1 V. The response increased gradually with the negative 1279 ANALYTICAL SCIENCES SEPTEMBER 2004, VOL. 20 shift of potential (Fig. 5b) . However, it would cause an increase of the background current (Fig. 5a) . Thus, the potential of -0.1 V was selected as the applied potential for the amperometric measurements.
The effect of pH values on the response of the PAHME was investigated in the range of 3.0 -10.0. The sensitivity in the range of 6.0 -7.0 was almost identical. Moreover, pH 7.0 was close to the optimum pH observed for activity of HRP. Thus pH 7.0 was selected in this experiment.
Performance of modified electrodes
The current-time responses of two kinds of biosensors are shown in Fig. 6 . It could be found that the PAHME displayed a more significant current response than the PHME after addition of H2O2 (Figs. 6a, 6b ). It also exhibited higher response signals for the determination of H2O2 in the presence of hydroquinone (Figs. 6c, 6d ). Therefore, it was possible to conclude that the PAHME had a more excellent catalysis performance and a higher sensitivity than PHME.
The typical dynamics response for H2O2 at the PAHME is displayed in Fig. 7 . A well-defined and fast amperometric response was observed at -0.1 V with successive injections of different volume of H2O2 under optimized experimental conditions. The time required to reach maximum amperometric response was less than 10 s. The insert shows the calibration curve of the sensor response. The linear range for H2O2 response was 3.0 × 10 -7 -2 × 10 -3 M, with the detection limit of 1.0 × 10 -7 M (r = 0.996). The relative standard deviation was 3.4% for 8 successive assays for 0.5 mM H2O2.
Many substances had been supposed as possible interferents for the PAHME sensor. Analysis was added to the PBS containing 0.1 mM H2O2. Acetic acid (2 mM), ethanol (1 mM), glucose (0.5 mM), uric acid (0.1 mM), oxalic acid (2 mM), nitrite (1 mM) and galactose (0.5 mM) did not cause the observable amperometric change. However, ascorbic acid (0.2 mM) decreased response currents by 75% of the initial values. The result was probably due to the consumption of H2O2 involved in the oxidation of ascorbic acid.
The stability of the PAHME and PHME were examined. The response of PAHME remained 86% and 75% of their initial response after 2 weeks and 3 weeks of successive usage. The PHME remained 80% and 69% of their initial amperometric responses at the same experimental conditions as that of PAHME. The results indicated that the enzyme absorbed on nano-Au kept its activity more easily than the non-Au-colloid modified enzyme electrode.
The apparent Michaelis-Menten constant K M app could be obtained from the electrochemical Eadle-Hofstee form of the Michaelis-Menten equation:
where jss was the response current after the addition of substrate, jmax was the maximum response current at a saturated substrate concentration, and C was the H2O2 content. The analysis of steady-state catalytical current showed that the K M app values for the PAHME and the PHME were 0.058 and 0.081 mM, respectively.
Conclusion
An HRP enzyme electrode immobilized on nano-Au monolayer was constructed. The mediator hydroquinone could shuttle electrons from HRP to the electrode effectively.
The experimental conditions for the fabrication and operation of the biosensor had been optimized. Compared with the PHME, the PAHME had more advantages as regards the affinity to H2O2, sensitivity, detection limit, response time, recovery and stability. The preparation procedure of PAHME is promising for the development of other enzyme electrodes. Other studies on this aspect are still in progress.
